Introduction In forensic practice, there is a growing need for accurate methods of age estimation, especially in the cases of young individuals of unknown age. Age can be estimated through somatic features that are universally considered associated with chronological age. Unfortunately, these features do not always coincide with the real chronological age: for these reasons that age determination is often very difficult. Our aim is to evaluate accuracy of skeletal age estimation using Tomei's MRI method in subjects between 12 and 19 years old for forensic purposes. Material and methods Two investigators analyzed MRI images of the left hand and wrist of 77 male and 74 female caucasian subjects, without chronic diseases or developmental disorders, whose age ranged from 12 to 19 years. Skeletal maturation was determined by two operators, who analyzed all MRI images separately, in blinded fashion to the chronological age. Inter-rater agreement was measured with Pearson (R 2 ) coefficient. One of the examiners repeated the evaluation after 6 months, and intraobserver variation was analyzed. Bland-Altman plots were used to determine mean differences between skeletal and chronological age. Results Inter-rater agreement Pearson coefficient showed a good linear correlation, respectively, 0.98 and 0.97 in males and females. Bland-Altman analysis demonstrated that the differences between chronological and skeletal age are not significant. Spearman's correlation coefficient showed good correlation between skeletal and chronological age both in females (R 2 =0.96) and in males (R 2 =0.94). Conclusions Our results show that MRI skeletal age is a reproducible method and has good correlation with chronological age.
Introduction
In forensic practice, there is a growing need for accurate methods of age estimation, especially in the cases of young individuals with no valid proof of their date of birth [1] . According to the latest UNICEF estimations, about 51 million births go unregistered in developing countries each year [2] . As a result of these circumstances, age determination of living individuals has become an essential part of forensic practice [3] . For example, it is crucial to determine the exact age of a young individual in order to obtain a correct management of refugees, asylum seekers, human trafficking victims, and adopted children [4] . Furthermore, in forensic practice, when a person is accused of a crime, the knowledge of his/her age will determine if the individual should be considered criminally responsible, and if he/she will be judged by adult or juvenile criminal justice systems [5] .
In every case, it is important to ensure that local authorities safeguard vulnerable groups, such as individuals less than 18 years of age or other thresholds [6] . For example, according to the Committee on Migration, Refugees and Population [7] , protecting the so-called Bseparated children^is a fundamental issue. Separated children are defined as individuals under 18 years of age, outside their country of origin and separated from both parents, or their previous legal, or customary primary caregiver [8] . A person aged 18 is legally considered an adult, who can be incarcerated in a detention center, and is at risk of being removed from the country. Despite this institution, detention of separated children is still common in several countries, and they are often detained together with adults. Additionally, there is a high number of age disagreement cases, between asylum seekers who claim to be under 18 and immigration officials who suppose they are older.
Moreover, age has a fundamental importance in the field of criminal law, as it can determine whether a young person has any criminal responsibility, and may have an influence on how and where the young person is sentenced. A field of application of age determination is the circumstance of young offenders who claim to be younger than their true age, in order not to be considered criminally responsible, or to be judged by the juvenile justice system, to benefit from less severe sentences [9] . For example, in Italy, there are two important criminal age thresholds: 14 and 18 years. Fourteen years old is the minimum age of criminal responsibility. Between 14 and 18 years, it must be ascertained, for each case, if the offender has an adequate level of maturity and psychological development to be considered criminally responsible. If the offender has reached the age of 18, it is presumed that he/she is able of understanding and taking act and is therefore criminally liable. In addition, the threshold of 16 years old is important for certain procedural situations: the period of detention and some features of the proceedings.
In all the aforementioned cases, it is really important to know the age of the young person. Age can be estimated by measuring or observing features such as somatic, psychological, dental, or skeletal indicators which are universally considered associated with chronological age. Unfortunately, these features do not always match with each other, and they do not always coincide with the real chronological age, for these reasons that age determination is often very difficult. There are many variables that may result in discrepancies between biological development and chronological age; for example, some reports describe significant differences between estimated and chronological age among different ethnic groups [10] [11] [12] [13] . Furthermore, low socioeconomic status, some diseases, malnutrition, and poor hygiene significantly affect development, causing a slower rate of maturation, which results in an underestimation of age [14, 15] . Such underestimation does not disadvantage the examined person. On the other hand, an overestimation of age, due to conditions that accelerate development (precocious puberty, adreno-genital syndrome, and hyperthyroidism), must be avoided as it causes a disadvantage in legal terms [16] .
According to the Study Group on Forensic Age Diagnostics of the German Society of Legal Medicine [17] , although a wide range of diagnostic procedures for age estimation is available, only few of these appear to be suitable for forensic application in living individuals, taking into account ethical and medicolegal aspects. The most suitable methods currently available are as follows: physical examination with determination of anthropometric measures and inspection of signs of sexual maturation; X-ray examination of the left hand; dental examination with determination of the dental status and X-ray examination of the dentition; if the skeletal development of the hand is completed, an additional examination of the clavicles should be carried out. These methods should be used together to obtain a significant increase of the diagnostic accuracy and to reduce the danger of under/ overestimation of chronological age. Recently, combined methods have been used with appreciable results [18] .
Regarding skeletal age determination, many anatomical districts have been investigated through radiological approaches: left hand-wrist [19, 20] , clavicle [21, 22] , pelvis [23] , knee [24, 25] . Among these, the most commonly performed technique is the X-ray of the left hand-wrist using Greulich and Pyle (GP) and Tanner and Whitehouse (TW) methods. Although these methods are routinely used and often considered an effective instrument of forensic age estimation practice [26] [27] [28] [29] , some medical specialists contest their accuracy for age assessment for forensic purposes [11, 30, 31] . Age estimation with these techniques has a described margin of error of 2-3 years, which is too inaccurate to confirm if an individual is over or under 14 or 18 years, which are ages of judicial importance in many countries. Additionally, these methods expose the young individuals to radiations. For this reason, some authors tried to use safer radiological methods of analysis, such as ultrasounds [32] [33] [34] .
Our purpose is to evaluate a skeletal age estimation with a noninvasive technique such MRI to determine its correlation with chronological age between 12 and 19 years old.
Material and methods

Subjects and materials
This perspective study analyzed MRI images of the left hand and wrist taken from 77 male to 74 female subjects, who ranged in age from 12 to 19 years. The chronological age was assessed by identity proof given with birth registration of each participants. Approval for this perspective study was granted by the Institutional Ethics Committee, and informed consent was obtained from all parents/guardians. All subjects included in our study were Italian-Caucasian without history of chronic diseases or developmental disorders. All the images were acquired between 2010 and 2011 with an open low-field clinical Magnet (0.2T) (G-Scan, Esaote, Genoa, Italy) with the hand positioned in a small coil, to limit movement. A comfortable environment was also created, all for the children. All images were obtained in the coronal plane using a standard spin-echo imaging T1-3D sequence with the following parameters: field of view (FoV) 140×120×40 mm; slice thickness= 1.3 mm; acquisition matrix=192×110×24; time echo time/ repetition time (TE/TR)=16/38 ms; flip angle=65°.
Skeletal age was determined by two investigators, (A) and (B), respectively, who analyzed all MRI images separately. The two observers were blinded to the chronological age of the subjects, and only subject's gender was known. All assessments were performed in accordance with a recent skeletal MRI atlas method using sex and age-matched MRI, the Tomei et al. method [35] .
It is a grade system based on the analysis of tubular and carpal bones of the left wrist/hand in different stages of chronological maturation, from the first phase of cartilaginous mass appearance to the final fusion of bony metaphysis and epiphysis, to assess skeletal age [36] . The MRI scoring system was developed from the literature about anatomic and growth information, in conjunction with the TW method and GP Atlas. It is based on the study of the progressive maturation of nine tubular and carpal bones of the hand and wrist. To each development step, it attributed a score. The score system is based on a range that includes a minimum of 1 for all the bones and a maximum that is 12 for radius and ulna, 10 for the epiphysis of the first and third proximal phalanges, 9 for epiphysis of first and third metacarpal bones, 8 for capitate and hamate, and 7 for pisiform. The maximum score derived from the sum of all bones is 85. With MRI, it is possible to describe more morphological features of bone ossification in relation to the different steps of cartilaginous maturation. The method uses the following criteria to define the steps of tubular and carpal bone maturation.
Regarding tubular bones:
-In the early phases of skeletal maturation, a cloud-like mass of epiphyseal cartilage is recognized. -In the next step of maturation, a mold sculpture representing the future morphology of the bone is visible. -The following phase is characterized by the appearance of the nucleus of ossification in the center of the metaphyseal plate. The cartilage surrounding the nucleus of ossification is predominant.
-The following phases are represented by different steps of growth of the epiphyseal ossified nucleus which is concomitant, with the progressive reduction of the thick rim of cartilage surrounding the epiphysis. The close correlation of the osseous and cartilaginous growth is not visible in the X-ray images. Furthermore, the cartilage layer surrounding the nucleus of ossification and the growth plate between epiphysis and metaphysis can be distinguished. -The peri-puberal and puberal ages are characterized by the appearance of the small hyperintense foci of cartilage in the metaphyseal end-plate which is increased in thickness. -The progressive bone maturation is represented by the reduction of the width of the growth plate together with the disappearance of foci of cartilage. The rim of cartilage surrounding the epiphysis is now very thin. -In the next step, epiphysis and metaphysis are very close, and the growth plate is partly replaced by a low signal intensity line representing a process of calcification which predicts the development of interosseous bone bridges. -The last phases of maturation are represented by the disappearance of the growth plate, the increase of multiple interosseus bone bridges, and finally the complete fusion of the epiphysis with the metaphysis.
The development of carpal bones shows some different features:
-The first phases are similar to the cartilaginous maturation of the tubular bones (Bcloud-like^and mold sculpture appearance). -The following phase is represented by the vacuolization of the cartilage which is visible like a small and hypointense nucleus in the center of the cartilaginous mass. -The nucleus of vacuolization center increases in size.
-The appearance of first nucleus of ossification; at this time, the cartilage is a thick rim around the bone. -The increase in size of the bone is accompanied by the progressive reduction of the layer of cartilage. -The last phase is characterized by the diseappearance of the cartilaginous rim and the presence of articular facet between carpal bones.
The sample analyzed in this paper is not part of MRI atlas population.
Statistical analysis
Inter-rater agreement was assessed with Pearson (R 2 ) coefficient. One of the examiners repeated the evaluation after an interval of 6 months, and Bland-Altman plots were used to analyze intraobserver variability. To detect potentially advanced or delayed aging in the sample study, Bland-Altman plots were used to determine the mean differences between skeletal MRI age and chronological age in males and females separately. Statistical analysis was performed using statistical software MedCalc (Version 12.4.0 Acacialaan 22, B-8400 Ostend, Belgium). Spearman's correlation coefficient (r) was used to analyze each carpal and tubular bone stage development with skeletal MRI age in consensus.
Results
Inter-rater agreement Pearson (R 2 ) coefficient was performed, and an excellent linear correlation was found both in male and female groups, respectively, 0.98 and 0.97. Intraobserver variability for females and males is shown in Fig. 1 . Statistical analysis involved a comparison of skeletal age assessed by two operators (A and B) and chronological age. Results are presented on a scatter graph plot with Bland-Altman analysis (Fig. 2) , which shows that differences between the chronological age and the MRI skeletal age are clinically not significant. Means, standard deviations (SD), minima and maxima of chronological age in skeletal age cohorts 12.0 to 18.99 years for both the operators are shown in Table 1 . Spearman's correlation coefficient (r) showed good linear correlation between the sum of the grade of each bone and the chronological age both in females (R 2 =0.96) and in males (R 2 =0.94). We might suppose that this new method has a sufficient accuracy to be used helping the X-ray method for first, and maybe in future to replace it. Both the operators used to slightly overestimate the age of males and females (Table 2) .
Discussion
X-ray analysis of the left hand and wrist has been used for decades to estimate age and maturation in children. Anyway, the Bbone age^determined with X-rays has some limitation to be used for forensic purposes, such as the exposure to ionizing radiation and the lack of accuracy.
In fact, one of the main problems arises from the consideration that the exposure to ionizing radiation for forensic reasons requires a special justification for each person examined. It has been estimated that the effective dose for a hand/wrist radiograph is 0.003 mSv, and in this case, the risk for a fatal cancer is 1 in 5,460,000 [37] . Even if this exposure to radiation is considered acceptable by someone, others argue that, especially with a different intention than diagnosis or therapy, any radiation may be harmful [38] . Moreover, in the case of age determination, the lifetime risk of cancer is larger due to the younger age of the people examined. In this cases, risks of radiation exposure should be weighed against the benefits of the procedure, considering that the existing techniques are not reliable [39] . A method of assessing age without exposure to ionizing radiation is needed. The Committee on the Rights of the Child, which monitors the implementation of Convention on the Rights of the Child, stated that Bthe assessment must be conducted in a safe manner, avoiding any risk of violation of the physical integrity of the child^ [40] . Also, SCEP stated that Bthe least invasive option must always be followed and the individual's dignity must be respected at all times^ [41] . According to the International Agency of Atomic Energy, Bthe use of ionizing radiation for human imaging for purposes other than medical diagnosis, medical treatment or biomedical research [must be] subject to the system of protection and safetyâ nd must be carefully justified [42] . European Commission in its Basic Safety Standards of the EURATOM declared that Balternative techniques which do not involve exposure to ionizing radiation must be available^ [39] .
The other issue, in forensic practice, is the importance of an accurate assessment of skeletal age [43] in all age groups, due to the fact that it may determine the future of young individuals whose age is unknown. In all the aforementioned circumstances in which age assessment analysis for forensic purposes is required, the results can have very important consequences for individuals, as the aim is to determine if they should be assigned to childhood or adulthood. Inaccuracy in age estimation can negate an adult access to freedom. On the other hand, children wrongly considered older than their true age can be expected to behave in ways not appropriate to their real age [44] .
For these reasons, the central aspect of an expert report is to give the most probable age of the examined individual and/or the degree of probability that the estimated age is the actual age or that it is over a particular relevant age limit [3] . As the techniques currently used are not sufficiently accurate for forensic purposes, more precise methods are needed.
Tomei et al. method [35] shows an excellent inter-rater agreement, and the differences between chronological age and MRI skeletal age are not significant. Moreover, these authors have considered some morphological features that may play a role for forensic age assessment:
1. The prepubertal transformation of the bones occurs at the metaphyseal endplate and is characterized by a stippled appearance and wavy contour, containing tiny oval hyperintense foci which may contain clumps of cartilage. These features appear in males at the age of 12 years and 6 months until the last months of 13 years old. In females, these features are seen at the prepubertal age (range 11 years and 6 months-12 years and 6 months). 2. At the age of 14 for females and at the age of 15 in males, the pisiform shows a complete ossification with the disappearance of cartilaginous rime. 3. The appearance of capping of the epiphyses of tubular bones is visible in males at 14 years old (Fig. 3a) . In females at 14 years old, the growth plate is thinner; the closure of the growth plates begins at 14 years and 6 months as an hypointense line between metaphysis and epiphyses of tubular bones; the capping phenomenon is present but less pronounced than in males at this age (Fig. 3d) . 4. The appearance of interosseous bone bridges is a sign of maturation that begins in males at 15 years and 10 months and in females at 14 years and 10 months. At the age of 16 in males, numerous interosseous bone bridges are present in the growth plate (Fig. 3b) , while the females at about 16 years old show an almost complete fusion of the growth plate. A residual hypointense line usually persists as a lateral incisure in the tubular bones (Fig. 3e) . 5. The last grade of skeletal maturation-corresponding to a complete fusion of the epiphysis for the tubular bones and to a complete ossification of the carpal bone-is present in male subjects at the age of 18: before the complete fusion of epipheseal plate, a residual hypointense line usually persists as a lateral incisure in the tubular bones (Fig. 2c) . Females show a complete fusion at 17 years old (Fig. 2e) .
Our results are quite good in relation to the literature. Dvorak et al. [45] studied the fusion of the left distal radial epiphysis and its correlation with chronological age. The correlation between age and grade of fusion was r=0.69. We found a good linear correlation between the sum of the grade of each bone, and the chronological age was observed (in females R 2 =0.96 and in males R 2 =0.94). The inter-rater reliability (r) in Dvorak et al. ranged between 0.91 and 0.92. In our case, inter-rater agreement Pearson (R 2 ) coefficient was performed, and an excellent linear correlation was found both in male and female groups, respectively, 0.98 and 0.97.
Schmidt et al. [46] tested Greulich and Pyle's method on hand radiographs of healthy subjects and found that the standard deviations for the age range 13-16 years old varied from 0.3 to 1.7 years. Schmidt et al. [47] tested TW2 and TW3 methods on hand X-rays and in this case the standard deviations for the age range 13-16 years old varied from 0.4 to 1.1 years with TW2 and from 0.4 to 1.2 years with TW3. Tomei's method, in the same age ranges, showed standard deviations between 0.1 and 0.9 years.
Schmidt et al. [47] also tested TW2 and TW3 methods in the legally relevant skeletal age group 14-16 years and found that there was a risk of serious overestimations for TW2 method (the differences between the skeletal age and the mean value of the chronological age were between −0.1 and +1.4 years). In the same age range, we found differences between −0.8 and +0.2 years. Therefore, Tomei's method seems to provide a reduced risk of overestimation in this age range. At the skeletal age of 18, in our sample, the differences between the skeletal age and the mean value of the chronological age were between −0.5 and −0.2 years. Even if our results are good, the current recommendation of a combination of methods (physical, dental, and skeletal examination: hand-wrist and clavicles) should always be taken into account, especially for medico-legal purposes. In fact, none of the existing methods is absolutely precise, as they present a margin of error (over/underestimation) due to two important factors: the first one is the variability of skeletal maturation, which changes among individuals of the same chronological age depending on genetic characteristics and environmental conditions; the second one is the error made by the operator, which depends mostly on his experience.
A reasonable conclusion from the above discussion is that Tomei et al. method [35] , even if it is yet infieri, can provide a good accuracy for age determination. In fact, in comparison with X-ray, MRI can be proposed as an instrument for age assessment as it leads to evaluate not only bone segments but also the cartilage changes occurring during the maturation process [45, [48] [49] [50] , due to a good individuation of the ossification nuclei by means of its tissue contrast. Lack of ionizing radiation and relative lack of operator dependence are additional advantages comparing with X-rays, computed tomography and ultrasound. Moreover, the use of the open low-field clinical magnet allows the maximum comfort for the tested person (avoiding claustrophobia and the difficulties for larger people) and minimizes potential biohazards associated with the presence of metal, by placing only the limb of interest in the magnet bore [51] . The limitation of this procedure is the high costs, the possibility of artifacts, the presence of pacemakers and metallic devices, and the limited presence of MRI scanners in the territorial structures where these examination have to be performed.
Conclusions
MRI does not use ionizing radiation and is fundamentally more accurate than X-ray due to its high contrast resolution. It may assume an important role in forensic age determination. Initial findings show a good correlation between Tomei'S MRI skeletal age and chronological age. 
